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Summary
Retinal rod and cone pigments consist of an apopro-
tein, opsin, covalently linked to a chromophore, 11-
cis retinal. Here we demonstrate that the formation of
the covalent bond between opsin and 11-cis retinal is
reversible in darkness in amphibian red cones, but
essentially irreversible in red rods. This dissociation,
apparently a general property of cone pigments, re-
sults in a surprisingly large amount of free opsin—
about 10% of total opsin—in dark-adapted red cones.
We attribute this significant level of free opsin to the
low concentration of intracellular free 11-cis retinal,
estimated to be only a tiny fraction (w0.1 %) of the
pigment content in red cones. With its constitutive
transducin-stimulating activity, the free cone opsin
produces an w2-fold desensitization in red cones,
equivalent to that produced by a steady light causing
500 photoisomerizations s−1. Cone pigment dissoci-
ation therefore contributes to the sensitivity differ-
ence between rods and cones.
Introduction
Rods and cones share the same principles of photo-
transduction (see, for example, Yau, 1994). This pro-
cess begins with the activation of the visual pigment,
which consists of an apoprotein (opsin) covalently at-
tached to a chromophore (11-cis retinal). Absorption of
a photon by the chromophore triggers its isomerization
from the 11-cis to the all-trans state (Hubbard and
Brown, 1958), leading to conformational rearrange-
ments and activation of opsin. Through a G protein-
mediated signaling pathway, this pigment activation
ultimately results in the closure of cGMP-gated, nonse-
lective cation channels on the plasma membrane of the
photoreceptor outer segment and electrical hyperpo-
larization of the cell (see, for example, Yau, 1994; Burns
and Baylor, 2001, for review). The active (meta-II) state
of the pigment is terminated by phosphorylation fol-
lowed by binding of a capping protein called arrestin,*Correspondence: vkefalov@jhmi.edu (V.J.K.); kwyau@mail.jhmi.
edu (K.-W.Y.)eventually decaying to all-trans retinal and free opsin.
Free opsin shows a weak constitutive activity of trigger-
ing the phototransduction signaling pathway (Cornwall
and Fain, 1994; Cornwall et al., 1995; Surya et al., 1995).
All-trans retinal is enzymatically reduced to all-trans-
retinol in the photoreceptor, then recycled into 11-cis
retinal in the pigment epithelium. Once back in the pho-
toreceptor, 11-cis retinal recombines spontaneously
with opsin to form functional visual pigment (McBee et
al., 2001). Besides sharing a common phototransduc-
tion mechanism, rods and cones employ homologous
proteins in the process (for a recent review, see Pepe,
2001).
Despite their similarities, rods and cones have dif-
ferent response properties: cones are 25- to 100-fold
less sensitive to light than rods, and their photore-
sponses are several-fold faster in kinetics (see, for ex-
ample, Baylor, 1987, for review). One explanation for
these differences, at least for amphibian red cones, is
a considerably higher rate of thermal isomerization of
the cone pigment in darkness (Rieke and Baylor, 2000;
Kefalov et al., 2003). This spontaneous activity is equiv-
alent to real light (Baylor et al., 1980), triggering trans-
duction and consequently adaptation of the cell, mani-
fested as reduced sensitivity and accelerated response
kinetics. Thus, the amphibian red cone behaves to
some extent like a rod that is already light adapted,
even in darkness.
Another difference between rod and cone visual pig-
ments is that, at least in solution, the covalent bond
(Schiff base) between 11-cis retinal and cone opsins
(but not rod opsins) can be spontaneously broken with-
out isomerization (Matsumoto et al., 1975; Crescitelli,
1984). In other words, the covalent association be-
tween cone opsin and 11-cis retinal is reversible. While
this observation has been long standing, its validity in
intact cones and its physiological significance have
never been examined. Because free opsin constitu-
tively activates the phototransduction pathway, albeit
weakly, we reason that its presence in any substantial
amount due to pigment dissociation should trigger
adaptation and reduce sensitivity. We report here ex-
periments on salamander cones that have confirmed
this idea. We find that dissociation seems to be a gene-
ral property of cone pigments. The reversibility of cone
pigment formation also provides a unique opportunity
to estimate the concentration of free 11-cis retinal in
the intact cone, an important but so far unknown pa-
rameter.
Results
Blue Shift in Absorption Spectrum of Red Cones
Induced by Exogenous 9-cis Retinal
We first asked whether the formation of the covalent
bond between 11-cis retinal and cone opsin is indeed
reversible in intact cones. An indication of this revers-
ibility for cone pigment in solution is the ability of exog-
enous chromophore to replace the native chromophore
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min cone pigment in darkness (Matsumoto et al., 1975).
Accordingly, to check for this property in intact cells, d
0we incubated dark-adapted salamander red cones in
Ringer’s solution containing 9-cis retinal (in suspended s
slipid vesicles or in 0.1% ethanol, see Experimental Pro-
cedures) and examined for chromophore exchange in 6
rsingle red cones using microspectrophotometry. In the
larval tiger salamander retina, with 11-cis 3-dehydro- t
eretinal (A2) and 11-cis retinal (A1) both present, the red
cones contain a mixture of pigments: 11-cis A2 pigment a
cwith a λmax at 620 nm and 11-cis A1 pigment with a
λmax at 562 nm (Hárosi, 1975; Makino and Dodd, 1996; c
sMakino et al., 1999). Because 9-cis retinal combines
with salamander red cone opsin to form a pigment with m
sa λmax shorter than those of the 11-cis A1 and A2 pig-
ments (Makino et al., 1999; see also later), the formation P
aof this pigment should produce a blue shift in the ab-
sorption spectrum of the cell. n
pFigure 1A shows sample absorption spectra from sin-
gle red cones under three conditions: (1) dark-adapted 2
ain control Ringer’s solution, (2) bleached by bright white
light followed by dark incubation in Ringer’s solution ic
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9Figure 1. Effect of 9-cis Retinal on the Absorption Spectra of Sala-
mander Red Cones and Red Rods λ
Using a microspectrophotometer, absorption spectra were taken b
from dark-adapted red cones (A) and red rods (B) immediately after t
dissection (top panels), following bleaching of the pigment and b
subsequent incubation with 100 M 9-cis retinal (middle panels), p
and following a 5 hr dark incubation with 100 M 9-cis retinal at
droom temperature (bottom panels). In all panels, the dashed line
indicates the position of absorption λmax for dark-adapted red rods
and red cones, respectively. B
bontaining 100 M 9-cis retinal, and (3) dark-adapted
ollowed by incubation for 5 hr in Ringer’s solution con-
aining 100 M 9-cis retinal. All three spectra in Figure
A have been normalized to unity height at their re-
pective λmax. The absorption spectrum of the red cone
n control solution peaks at 613 ± 3 nm (mean ± SEM,
= 4). As expected, after a bleach by bright white light
ollowed by dark incubation with 9-cis retinal, the
bsorption spectrum was substantially blue shifted
λmax = 531 ± 4 nm, n = 4). A comparable blue shift,
owever, was observed after dark incubation with 9-cis
etinal without prebleaching (λmax = 526 ± 4 nm, n = 7;
he difference between this value and the above value
btained after a white-light bleach and regeneration is
robably not significant). Thus, there appears to be an
xchange of 9-cis retinal for 11-cis retinal in the red
one pigment in darkness. The shifts in λmax in the lat-
er two conditions were larger than expected from the
max of 542 nm for 9-cis red cone pigment reported by
akino et al. (1999) based on electrophysiology. How-
ver, the published λmax for 9-cis red cone pigment is
ot hard-and-fast—two other measurements gave 500
m (Chen et al., 1989) and 534 nm (Fukada et al., 1990),
espectively, with the latter very close to ours. We have
dopted our measurement of 531 nm for subsequent
xperiments and associated calculations (but see later).
We repeated the same experiments with salamander
ed rods (Figure 1B). The absorption spectrum in con-
rol solution showed a λmax at 514 ± 1 nm (n = 12). A
lue shift of the absorption spectrum was produced by
-cis retinal after a bleach by bright white light, with a
max = 481 ± 1 nm (n = 10), again similar to that found
y Fukada et al. (1990) with solubilized rhodopsin. On
he other hand, no shift was observed without pre-
leaching (λmax = 515 ± 0.3 nm, n = 10). Thus, red rod
igment does not dissociate in darkness, or at least
oes so very slowly (see also Defoe and Bok, 1983).
lue Shift in Action Spectrum of Red Cones Induced
y Exogenous 9-cis Retinal
o measure the pigment dissociation in intact cones
ore precisely, we monitored the spectral shift pro-
uced by 9-cis retinal (in suspended lipid vesicles or in
.1% ethanol, as above) in individual red cones with
uction-pipette recording. We measured the flash sen-
itivity of individual cells at two arbitrary wavelengths,
00 nm (where the difference between 11-cis and 9-cis
ed cone pigments is considerable) and 480 nm (near
he isosbetic point, though this is not crucial; see, for
xample, Figure 2C). By using the ratio of sensitivities
t two wavelengths, we removed any progressive
hange in sensitivity over time that was unrelated to
hromophore exchange. First, by linearly combining the
pectral templates for 11-cis A1 and A2 red cone pig-
ents (shown normalized in Figure 2A; see Govardov-
kii et al., 2000; Makino et al., 1999; and Experimental
rocedures) with different weighting factors, we gener-
ted a calibration curve that converts the 600 nm/480
m sensitivity ratio (S600/S480) into an 11-cis A1/A2
igment ratio prior to 9-cis retinal incubation (Figure
B). The average log10(S600/S480) value from ten dark-
dapted red cones was 0.54 ± 0.02 (SEM), correspond-
ng to 48% 11-cis A1 and 52% 11-cis A2 pigments (indi-
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Composition in Control and 9-cis Retinal-
Treated Red Cones
(A) Spectral templates for salamander red
cone pigment with 11-cis A1, 11-cis A2, and
9-cis retinal as chromophore.
(B) Calibration curve for determining the
fractions of A1 and A2 chromophores in
dark-adapted red cones based on their sen-
sitivities at 600 nm and 480 nm. The spectral
templates for A1 and A2 pigment were com-
bined with different weighting factors and,
for each, the predicted sensitivity ratio at
600 nm and 480 nm, log(S600/S480), was cal-
culated (black squares; see Experimental
Procedures). The solid curve is an empirical
fit to the points. The average log(S600/S480)
for dark-adapted red cones was 0.54, corre-
sponding to 48% A1 and 52% A2 pigment
(red circle).
(C) A composite 11-cis template was con-
structed consisting of 48% A1 and 52% A2
templates. This composite 11-cis template
and the 9-cis template were then combined
with different weighting factors and the pre-
dicted log(S600/S480) calculated (see Experi-
mental Procedures).
(D) Calibration curve to convert log(S600/S480) into percentage of 9-cis pigment incorporated. The points are calculated from different linear
combinations of the 48% 11-cis A1/52% 11-cis A2 composite template and the 9-cis template, and the curve is an empirical fit to the points.
Incubation of dark-adapted red cones with 10 M and 100 M 9-cis retinal for 16 hr at room temperature resulted in average blue spectral
shift to log(S600/S480) of 0.36 and −0.18 respectively, corresponding to 36% and 88% 9-cis pigment (red circles).cated in red in Figure 2B). These values are broadly
consistent with those reported in previous studies
(Hárosi, 1975; Makino and Dodd, 1996).
Next, by linearly combining the 48% 11-cis A1/52%
11-cis A2 composite template and the 9-cis A1 tem-
plate with different weighting factors (Figure 2C), we
obtained another calibration curve (Figure 2D) that con-
verts the S600/S480 ratio in the presence of 9-cis retinal
into a percentage of 9-cis pigment. The composite tem-
plates in Figure 2C show decreasing peak absorption
with increasing 9-cis pigment because the quantum
efficiency is lower for 9-cis pigment than for 11-cis pig-
ment (see Experimental Procedures). To validate the
calibration curve in Figure 2D (representing averaged
data), we used it to calculate the level of 9-cis pigment
in red cones after dark incubation with 100 M 9-cis
retinal following a bright white bleaching light, which
should remove most of native 11-cis retinal from the
pigment. The resulting log10(S600/S480) was −0.20 ± 0.03
(n = 9), giving 89% 9-cis pigment; the difference from
100% could be due to incomplete bleach and/or some
photoregeneration during the bleach (Azuma and Azuma,
1980; Grimm et al., 2000).
With the overall strategy validated, we incubated iso-
lated red cones in a Ringer’s solution containing 100
M 9-cis retinal in darkness for 16 hr (room temper-
ature) and measured the degree of spontaneous chro-
mophore exchange. On average, log10(S600/S480) was
−0.18 ± 0.03 (n = 5) at the end of the incubation, which,
according to the relation in Figure 2D, corresponds to
88% chromophore exchange. Thus, given sufficient
time, this exchange can potentially reach completion in
darkness. Incubation of the cells with a 10-fold lower
9-cis retinal (10 M) for the same time period produced
a log (S /S ) of 0.36 ± 0.05 (n = 3) in red cones,10 600 480corresponding to 36% 9-cis retinal incorporation into
the pigment.
Time Course of Chromophore Exchange
The time course of chromophore exchange could be
followed by continuously monitoring S600/S480 during
exposure of an isolated red cone to 100 M 9-cis reti-
nal. Figure 3A shows flash intensity-response relations
for the cell, measured at 600 nm and 480 nm, in control
Ringer’s solution (black and red filled symbols, respec-
tively; solid lines) and after about 3 hr of dark incuba-
tion with 100 M 9-cis retinal (open symbols, dashed
lines). Exposure to 9-cis retinal-containing solution in-
duced a decrease in the sensitivity at 600 nm and a
slight increase in the sensitivity at 480 nm, consistent
with a gradual replacement of the native 11-cis retinal
by 9-cis retinal in the visual pigment. Figure 3B gives
the full set of measurements over time. From the cali-
bration curve in Figure 2B, the initial, dark-adapted
S600/S480 value corresponded to a 35%/65% 11-cis A1/
A2 pigment ratio for this cell (note that the ratio of A1/
A2 pigments varies among cells; see Makino and Dodd,
1996). With a composite spectral template constructed
from these initial percentages and weighted amounts
of 9-cis retinal (Figure 3C, similar in type to that in Fig-
ure 2D), the time course of S600/S480 can be converted
into a percentage of 9-cis retinal incorporated over time
(Figure 3D). In this cell, incubation with 100 M 9-cis
retinal for 3 hr resulted in replacement of 66% of the
native chromophore. Subsequent bleaching by bright
white light followed by 9-cis retinal reincubation re-
sulted in 90% of the pigment being occupied by this
chromophore (last time point in Figure 3D). A single-
exponential curve fitted to this exchange time course
Neuron
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of 11-cis Retinal by 9-cis Retinal in the Pig-
ment of Red Cones
(A) Intensity-response relations from a dark-
adapted red cone at 600 nm and 480 nm in
Ringer’s solution (solid curves) and after 3 hr
of incubation with 100 M 9-cis retinal in
darkness (dashed curves). The curve fits are
with the Michaelis relation, r = rmax [I/(I + σ)],
where σ is the half-saturating flash intensity.
(B) Time course of sensitivity change at 600
nm and 480 nm, based on the full set of data
from the cell in (A). Sensitivity is given by 1/σ,
where σ is the half-saturating flash intensity
derived from the intensity-response curve
measured at each time point.
(C) Calibration curve relating log(S600/S480)
and the percentage of incorporated 9-cis
retinal, computed in a way similar to that for
Figure 2D but using an initial 11-cis A1/A2
pigment ratio of 35%/65% pigment [derived
from the initial log(S600/S480) value for this
cell].
(D) Percentage of 9-cis pigment in this cell
as a function of time, obtained by reading off
values from (C). The last data point was
taken after bleaching with bright white light
and regeneration with 9-cis retinal.gave a time constant of 168 min. The average time con- r
pstant from five experiments was 160 ±11 min.
We have repeated the calculations in the experi- r
gments of Figures 2 and 3 with an absorption template
of λmax = 542 nm for 9-cis red cone pigment (Makino et s
ial., 1999). In this case, the time constant for the chro-
mophore exchange in the experiment of Figure 3D t
lwould be 156 min instead, and the average from the
five experiments would be 141 ± 15 min, not too dif- b
sferent from the above values.
The vehicle used for delivery of the exogenous chro- c
mmophore was not critical for the exchange. Thus, sim-
ilar results were obtained whether 9-cis retinal was de- b
rlivered in lipid vesicles or in 0.1% ethanol (data not
shown). As negative controls, incubation in normal t
Ringer’s alone had no effect on spectral or absolute
sensitivity (nine cells; data not shown). h
t
lRetinal Binding Proteins Can Remove 11-cis Retinal
from Red Cone Pigment and Desensitize the Cells 
lThe fact that the native 11-cis retinal in the pigment of
dark-adapted red cones can be replaced by 9-cis reti- t
4nal indicates that retinal can be released from cone pig-
ment in darkness. To confirm that the retinal released r
from the pigment is in the 11-cis and not all-trans form
(as would result from photic or thermal activation), we c
Itreated dark-adapted red cones with CRALBP, a retinal
binding protein specific for 11-cis retinal (Saari and (
CBredberg, 1987). In 27 experiments, incubation with 20
or 100 M CRALBP decreased the sensitivity of the i
scones and accelerated their dim-flash response kinet-
ics (see, for example, Figures 4A and 4B). In another s
set of experiments, we found that the flash sensitivity
of red cones decreased by 1.39 ± 0.11 log units (six a
ocells) after incubation with 100 M CRALBP in dark-
ness for 24 hr (room temperature), a decrease that a
ecould be reversed by subsequent exposure with 11-cisetinal. Thus, the chromophore released from the cone
igment was 11-cis retinal, which CRALBP was able to
emove in the above experiments, causing a pro-
ressive accumulation of free opsin and therefore de-
ensitization of the cell. In effect, exposure to CRALBP
n darkness converts dark-adapted cones into cones
hat behave as if they were bleach adapted by bright
ight. The level of bleaching caused by CRALBP could
e estimated by comparing the CRALBP-induced de-
ensitization with the desensitization produced in red
ones by light that bleached known percentages of pig-
ent (Figure 4C; data averaged from eight cells; post-
leach sensitivity was measured after the cell had
eached steady state). In this way, a sensitivity reduc-
ion by 1.39 log units after 24 hr incubation with 100
M CRALBP is equivalent to a 72% bleach. Generally,
igher concentrations of CRALBP or longer incubation
imes induced higher levels of bleach (Figure 4D). The
arge scatter in the collected measurements with 100
M CRALBP in Figure 4D likely reflects an unstirred
ayer surrounding the cell during incubation in the sta-
ionary solution containing CRALBP. The cell in Figure
A was among those showing the fastest kinetics of
etinal removal by CRALBP.
Similar results were obtained when dark-adapted
ones were treated with another retinal binding protein,
RBP, which binds both 11-cis and all-trans retinal
Chen and Noy, 1994) (Figure 4D). On the other hand,
RALBP had no effect on red rods even after 48 hr of
ncubation at room temperature (n = 2, data not shown),
upporting the notion that rod pigment is much more
table.
Interestingly, lipid-free bovine serum albumin (BSA),
nonspecific lipophilic protein, did not have any effect
n red cones (six cells) even at high concentration (1%)
nd after incubation for 4 days in darkness at 4°C (two
xperiments, data not shown). Thus, there appears to
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the Pigment of Red Cones in Darkness by
CRALBP
(A) Incubation of a dark-adapted red cone
with 100 M CRALBP led to a gradual loss
of sensitivity. Subsequent application of 11-
cis retinal reversed the effect and actually in-
creased sensitivity beyond the initial dark-
adapted level (dashed line).
(B) CRALBP accelerated the flash response
(indicative of the equivalent of a light-
adapted state) and 11-cis retinal reversed
the effect and slowed down the response
beyond its dark-adapted kinetics. Response
2 was elicited 88 min after the start of the
experiment (74 min after the start of CRALBP
incubation). Response 3 was elicited 164
min after the start of experiment (27 min after
the start of incubation with 11-cis retinal).
(C) Calibration experiment to determine the
relation between the amount of free opsin
(produced by bleaching with light) and the
decrease in sensitivity in red cones (see Ex-
perimental Procedures). Averaged data from
eight cells.
(D) Collected results from cells treated with
20 M CRALBP (n = 12), 100 M CRALBP
(n = 15), and 20 M IRBP (n = 5). Same ex-
perimental procedure as in (A) and calcu-
lated from the calibration curve in (C).
(E) Time course of red cone pigment loss in
vitro measured spectroscopically (see Ex-
perimental Procedures) in PBS control solu-
tion alone (two experiments), with 8.5 M
CRALBP (three experiments), and with 1%
BSA (two experiments), respectively. Aver-
aged data. The curves are single-exponen-
tial decays, with time constants of 17 min
and 156 min, respectively.be a specific interaction between retinal binding pro-
teins and the chromophore. Also, we found that
CRALBP was able to remove retinal and desensitize a
dark-adapted red cone even when only the cell’s inner
segment was exposed to the protein (with the outer
segment drawn into the recording pipette in this case;
three cells, data not shown). This result is consistent
with a previous observation that, in salamander red
cones, free chromophore can diffuse longitudinally be-
tween the inner and outer segments (Jin et al., 1994).
The difference between CRALBP and BSA in the abil-
ity to remove chromophore from red cone pigment was
confirmed by in vitro spectrophotometric measure-
ments on recombinant red cone pigment purified from
COS cells. In the experiment of Figure 4E, the visual
pigment in control solution showed a slow rate of decay
(with a single-exponential time constant of about 156
min), presumably reflecting slow denaturation of the
protein. In the presence of 8.5 M CRALBP, but not 1%
BSA, the rate of decay of visual pigment was consider-
ably accelerated, representing the dark dissociation of
pigment, which was rendered irreversible in the pres-
ence of CRALBP. The in vitro dissociation of the pig-ment, with a time constant of about 19 min (equal to the
reciprocal of the difference between the decline rate
constants with and without CRALBP), is considerably
faster than that observed in intact cones. The likely ex-
planation is that CRALBP has more direct access to the
chromophore in vitro than in intact cones.
Presence of Free Opsin in Dark-Adapted Red Cones,
Blue Cones, and Green Rods
The desensitization and acceleration in response kinet-
ics produced in red cones by CRALBP could be com-
pletely reversed by treating the cells with 11-cis retinal
afterward (Figures 4A and 4B). Surprisingly, such rever-
sal in sensitivity and response kinetics by 11-cis retinal
overshot the initial dark-adapted state, suggesting the
presence of free opsin already in dark-adapted red
cones. Indeed, even freshly dissociated, dark-adapted
red cones treated immediately with 100 M 11-cis reti-
nal showed an increase in flash sensitivity by 0.28 ±
0.04 log units (n = 18) (see, for example, Figure 5A). This
increase in sensitivity was much faster than the time
course of chromophore exchange observed with 9-cis
retinal (cf. Figure 3D), and the rate was also similar to
Neuron
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Sensitivity
Treatment with 100 M 11-cis retinal causes
an increase in flash sensitivity in dark-
adapted red cones (A), blue cones (C), and
green rods (D), but not in red rods (B). S/S0
is ratio of sensitivity at a given time after 11-
cis retinal application to control sensitivity
prior to retinal application. Data from a single
cell in each panel.the rate of regeneration of cone pigment observed pre- i
oviously (Wald et al., 1955; Shichida et al., 1994; Kefalov
et al., 2001). Treatment with 100 M 11-cis A2 retinal a
nlikewise increased sensitivity by 0.19 ± 0.05 log units
(n = 10; data not shown), ruling out the possibility that i
wthe increase in sensitivity merely reflected replacement
of A2 chromophore by A1 chromophore in the pigment, p
awhich would result in a higher extinction coefficient
(see Experimental Procedures). All-trans retinal deliv- 1
ered in the same way had no effect (n = 6, not shown),
nor did the vehicle 0.1% EtOH (see earlier). Incidentally, t
ithe increase in flash sensitivity of dark-adapted red
cones produced by 11-cis retinal was not accompanied m
bby a decrease in dark noise (three cells; data not
shown). This result demonstrates that free opsin is not u
na significant source of dark noise, consistent with the
notion that free cone opsin elicits very small unitary re- m
rsponses (Cornwall et al., 1995).
How much free opsin is present in dark-adapted red (
ocones? From the measured relation between degree of
desensitization and light bleach (Figure 4C), a sensitiv- 0
Tity increase in darkness of 0.28 ± 0.04 log units by 11-
cis A1 retinal indicates 12.6% ± 1.7% free opsin in the b
ored cones in darkness. Likewise, a dark-sensitivity in-
crease of 0.19 ± 0.05 log units produced by 11-cis A2 h
mretinal (see above) corresponds to 8.4% ± 2.2% free
opsin in darkness (n = 10). It is unlikely that the differ- p
ience in percentage between A1 and A2 retinal treat-
ments resulted merely from the higher extinction coeffi- m
cient of A1 pigment, because the percentage of free
opsin was too small. Possibly, the much less stable A2 P
iretinal was delivered at an effective concentration lower
than the nominal concentration and therefore led to in- T
mcomplete pigment regeneration. More likely, however,
the difference reflects nothing more than measurement d
kuncertainty. At any rate, the percentage of free opsin in
dark-adapted red cones appears to be w10%. Ideally, a
efor the purpose of estimating the amount of free opsinn a red cone, the bleaching curve to be used (instead
f Figure 4C) should be obtained by first regenerating
ny free opsin in dark-adapted red cones with exoge-
ous retinal before the cells were illuminated by bleach-
ng light of different intensities. However, this procedure
as not possible because the exogenous chromo-
hore, once incorporated, tended to stay with the cell
nd to regenerate any light-bleached pigment (Hárosi,
984).
In contrast to red cones, dark-adapted red rods
reated with 100 M 11-cis retinal showed no change
n sensitivity, consistent with the stability of rod pig-
ent (n = 5, see Figure 5B for example). How about
lue cones and green rods? These photoreceptors are
nusual in that they share the same visual pigment,
amely, a blue cone pigment (Ma et al., 2001). Treat-
ent of dark-adapted blue cones with 100 M 11-cis
etinal increased their sensitivity by 0.41 ± 0.04 log units
n = 11, see Figure 5C for example). Likewise, treatment
f green rods with retinal increased their sensitivity by
.28 ± 0.02 log units (n = 2, see Figure 5D for example).
hus, at least qualitatively similar to red cone opsin,
lue cone opsin shows dissociation in darkness. More-
ver, the fact that blue cones and green rods, which
ave the same pigment but distinct rod-versus-cone
orphology and intracellular environments, both show
igment dissociation indicates that it is the pigment
tself rather than unique features in cones that deter-
ines pigment stability.
igment Dissociation versus Thermal Isomerization
n Desensitization of Dark-Adapted Red Cones
he red cone pigment has a relatively high rate of ther-
al isomerization. This sustained spontaneous activity
esensitizes the cells and accelerates their response
inetics in darkness (Rieke and Baylor, 2000; Kefalov et
l., 2003). Accordingly, we compared the desensitizing
ffect of pigment dissociation with that due to its ther-
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885mal activation. We did this by first exposing dark-
adapted red cones to 100 M 11-cis retinal to ensure
complete regeneration of the pigment and then illumi-
nating the cells with steady light of different intensities
and measuring the reduction in flash sensitivity at each
background intensity. The relation between desensiti-
zation and background intensity (Figure 6, averaged
from seven cells) allows conversion of dissociated pig-
ment into an equivalent steady light by comparing their
corresponding desensitizing effects. The average de-
sensitization due to free opsin in dark-adapted red
cones, measured above to be 0.24 log units (mean of
0.28 and 0.19 obtained from 11-cis A1 and A2 retinals,
respectively), is thus equivalent to about 500 isomeriza-
tions (R*) s−1. Previously, we have estimated the rate
of thermal isomerization of pigment in salamander red
cones to be w200 R* s−1 (Kefalov et al., 2003; see also
Rieke and Baylor, 2000). Hence, the effect of dark
dissociation of red cone pigment is comparable to, or
larger than, the effect of thermal isomerization of the
pigment.
Discussion
Dark Dissociation of Cone Pigments into Opsin
and 11-cis Retinal
It has previously been reported that cone pigment in
solution can dissociate into opsin and 11-cis retinalFigure 6. Equivalent Background Light Due to Free Opsin in Dark-
Adapted Red Cones
Dark-adapted red cones were first exposed to 100 M 11-cis reti-
nal to remove any desensitization due to free opsin in darkness. In
the continued presence of 11-cis retinal, the cells were exposed
to a series of background lights of increasing intensity, and the
corresponding desensitization was measured (black squares). Data
are mean ± SEM. By interpolation, the average loss of sensitivity
due to free opsin in dark-adapted cells as revealed by treatment
with 11-cis retinal (opsin; black circle) is equivalent to that caused
by a background light producing 507 R* s−1 (red circle). Incidentally,
the collective plot shows that, in the absence of dark pigment
dissociation, it took 860 R* s−1 (Io; see last paragraph in Discussion)
to decrease the red cone sensitivity by half.(Matsumoto et al., 1975). We have shown in this paper
that the same dissociation occurs in single intact
cones. This pigment instability appears to be common
to at least red and blue cone pigments. Moreover, this
dissociation is independent of the cellular environment,
in that the blue pigment shows the same tendency to
dissociate whether in blue cones or green rods (un-
usual rods absent in higher vertebrates), both of which
naturally express this pigment. By contrast, red rod pig-
ment does not appear to show any dissociation.
The dark dissociation of cone pigments may be a
manifestation of the same molecular properties that un-
derlie their susceptibility to chemical attack. The Schiff
base between rod opsin and retinal is resistant to alum,
hydroxylamine, and alkaline/acidic conditions. In con-
trast, the covalent bond between cone opsin and 11-
cis retinal is hydrolyzed by these reagents (Wald et al.,
1955; Abrahamson et al., 1974). These properties may
all reflect a higher accessibility of the chromophore
binding pocket in cone opsins to the external environ-
ment. The same molecular attributes may also underlie,
somehow, the much faster decay of photoisomerized
cone pigments compared to rod pigment as well as
their subsequent rapid regeneration from free chromo-
phore and opsin (Wald et al., 1955; Okada et al., 1994;
Imai et al., 1995; Starace and Knox, 1997).
Our experiments have shed light on a long-standing
controversy, namely, whether the steady desensitiza-
tion of isolated photoreceptors following bright bleach-
ing light (bleaching adaptation) results from an active
complex produced by an interaction between all-trans
retinal and free opsin (Fukada and Yoshizawa, 1981;
Hofmann et al., 1992; Palczewski et al., 1994; however,
see also Leibrock et al., 1998) or simply from free opsin
itself having a weak ability to activate transducin
(Okada et al., 1989; Cornwall and Fain, 1994; Cornwall
et al., 1995; Surya et al., 1995; Melia et al., 1997). Our
experiments with CRALBP on dark-adapted red cones
clearly show that free opsin produced in darkness by
pigment dissociation and without the generation of all-
trans retinal is capable of causing bleaching adap-
tation.
Percentage of Free Opsin in Dark-Adapted Cones
The tendency of cone pigments to dissociate into chro-
mophore and opsin means that an equilibrium exists in
darkness between free and chromophore-bound opsin.
For red cones, we have estimated that w10% of their
opsin does not have 11-cis retinal even under dark-
adapted conditions. This high percentage is rather un-
expected. We have derived this percentage from the
observation that exogenously applied 11-cis retinal
produced an average 2-fold increase in the flash sensi-
tivity of dark-adapted red cones, an effect equal and
opposite to that produced by a 10% bleach by light.
Based on similar experiments, we conclude that free
opsin is also present in dark-adapted blue cones and
green rods, but not in dark-adapted red rods. This free
opsin in cones is unlikely to be an artifact resulting from
unintentional exposure to light, because the animals
were dark-adapted overnight prior to experiments and
were euthanized in very dim red light, with all subse-
quent procedures performed under infrared light. More-
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acones (λmax w620 nm), blue cones, and green rods
(both λmax w440 nm), but not red rods (λmax w521 nm) a
iargues against the free opsin being caused by bleach-
ing due to red or infrared light. We have not derived the 1
cpercentages of free opsin in blue cones and green rods,
because we did not measure the bleaching curves (the i
Nequivalent of Figure 4C) in these cells, a requirement
for converting desensitization into free-opsin content. p
n
Free 11-cis Retinal Concentration
iin Dark-Adapted Red Cones
aIt is possible to derive a rough estimate of the concen-
otration of native free 11-cis retinal available for pigment
tregeneration in dark-adapted red cones. Assuming that
ithe concentration of exogenous 9-cis retinal (nominally
m100 M) in the chromophore-exchange experiment is
fhigh enough that the rate-limiting step in the exchange
bresides in the dissociation of the native chromophore
hfrom cone pigment, the off-rate (koff) is simply given by
wthe reciprocal of the time constant of the exchange, i.e.,
iw1/160 min−1 (we have assumed implicitly here that
p11-cis A1 and A2 retinals dissociate from cone opsin
awith the same rate constant). Previously, it has been
bshown that nominal 50 M exogenous 11-cis retinal re-
tstores the dark-adapted state of a bleached salaman-
ider red cone with a time constant ofw1 min (see Figure
A5 in Kefalov et al., 2001; the nominal 50 M value is
tbased on a 0.5 ml of 100 M chromophore-containing
osolution being added to a bath solution of roughly equal
gvolume in the published experiments). This time con-
tstant, τ, is given by τ = 1/([L]kon + koff), where [L] is the
tchromophore concentration. Thus, we get kon w1/50
rM−1 min−1. This kon value and an [L] of 100 M give a
1[L]kon that is much greater than koff, thus justifying the
rabove estimation of koff. In steady state in darkness,
we have estimated that about 10% of the pigment in
a red cone is in the form of free opsin. Therefore, the O
Pconcentration of native 11-cis retinal in a cone available
for pigment regeneration is given by 0.9 koff/0.1 kon I
tw2.8 M, or corresponding to just 0.1% of the total
pigment concentration in a cone cell (3.5 mM; see l
pHárosi, 1975). In the last step of the above calculations,
we have assumed that exogenous and native free chro- c
imophores have identical access to the opsin (i.e., sim-
ilar kon’s). Considering the hydrophobicity of 11-cis reti- v
2nal, this is perhaps not an unreasonable assumption.
koff can also be calculated as the reciprocal of the t
ddecay time constant of the holopigment content in a
cone cell during exposure to CRALBP (Figure 4D). In p
ithese experiments, the rate of decline was rather vari-
able from cell to cell, which we attribute to the lack of 2
astirring of the bath solution immediately adjacent to the
outer segment. The two cells with the fastest declines t
cwould give koff w1/65 min−1, about 2-fold higher than
the value derived above from the exchange experiment s
with 9-cis retinal. One possibility for this disparity is
that, given its hydrophobicity, the chromophore mole- t
ccule that has just dissociated from an opsin molecule
may stay briefly in the vicinity of the binding pocket and b
bthus may recombine with the opsin unless taken away
by CRALBP. Accordingly, the koff value derived from the a
iCRALBP experiment may be closer to the true k . In-offeed, the same CRALBP experiment in solution gave
n even higher koff, about 1/19 min−1 (see Figure 4E and
ssociated text) (a similar koff can be deduced from the
n vitro data shown in Figure 1 of Matsumoto et al.,
975). Thus, the koff of 1/140 min−1 used in the above
alculations is best considered as an “effective” koff,
nfluenced by the native environment of the cone cell.
onetheless, this is probably the more appropriate
arameter to use for calculations because it reflects the
ative condition.
Our estimation of the concentration of free 11-cis ret-
nal in cones is possible only because of the dissoci-
tion property of cone pigments. The very low amount
f free chromophore that we have arrived at explains
he lack of obvious pigment regeneration observed in
solated cones after a bleach (Jones et al., 1989). One
ay ask: why does the cone not increase its store of
ree 11-cis retinal so that all of its opsin is chromophore
ound? Considering that 11-cis retinal (being an alde-
yde) is highly reactive, there may be good reasons
hy the cones do not have a large reserve of it, relegat-
ng this storage instead to specialized cells such as the
igment epithelium. As pointed out earlier, the dissoci-
tion property of cone pigment may be an inevitable
yproduct of other functionally more important proper-
ies, such as the rapid decay of its photoproducts and
ts rapid regeneration from 11-cis retinal and cone opsin.
lthough the consequence of dissociation is that a cer-
ain fraction of the cone pigment is always in the form
f free opsin, this may not be critical because cones
enerally function in bright light anyway. On top of this,
he desensitization caused by free opsin helps to lower
he sensitivity of cones for functioning in the photopic
ange. As for rods, they may well have a low storage of
1-cis retinal like cones, but this is a nonissue because
hodopsin formation is essentially irreversible.
verall Desensitization Due to Cone
igment Instability
n salamander red cones, the 2-fold desensitization due
o dark dissociation of the red cone pigment is equiva-
ent to that produced by a steady light giving w500
hotoisomerizations (R*) s−1. This level of dark light is
omparable to, or actually exceeds, that due to thermal
somerization of the same pigment, which we have pre-
iously estimated to be w200 R* s−1 (Kefalov et al.,
003; see also Rieke and Baylor, 2000). For blue cones,
here is a remarkably similar 2-fold desensitization pro-
uced by blue pigment dissociation. With the blue cone
igment thought to have a much lower rate of thermal
somerization than red cone pigment (Rieke and Baylor,
000), dissociation is probably the only significant mech-
nism by which photopigment contributes to the sensi-
ivity difference between blue cones and (red) rods, be-
ause rod and cone pigments are otherwise known to
ignal indistinguishably downstream (Kefalov et al., 2003).
How much of the overall difference in sensitivity be-
ween salamander red rods and red cones in darkness
an be accounted for at the pigment level? Previously,
ased on the idea that, except for cone pigment insta-
ility, rods and cones operate along the same light-
daptation curve, we deduced that a spontaneous
somerization rate of w200 R* s−1 in red cones should
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887make these cells 6- to 7-fold less sensitive than red
rods (Kefalov et al., 2003). This reasoning is based on
the fact that salamander green rods and blue cones,
which share the same pigment, indeed have similar sin-
gle-photon response amplitudes and kinetics (Ma et al.,
2001; Rieke and Baylor, 2000; see also Perry and Mc-
Naughton, 1991). If we include, then, the 2-fold (or less)
sensitivity reduction due to pigment dissociation, the
overall sensitivity difference between salamander red
rods and red cones due to red cone pigment instability
would be w7 × 2 = 14-fold, close to the full 14- to 15-
fold difference measured between these cells (Nakatani
and Yau, 1989; Rieke and Baylor, 2000). Incidentally, the
apparent paradox that an equivalent light of 500 R* s−1
due to pigment dissociation produces only 2-fold de-
sensitization, versus the deduced 6- to 7-fold desensiti-
zation due to 200 R* s−1 of spontaneous pigment isom-
erization, can be qualitatively reconciled by the fact
that any incremental light has a progressively smaller
desensitizing effect. This point can be appreciated by
starting with the Weber-Fechner relation for back-
ground adaptation in rods (see, for example, Koutalos
et al., 1995):
SF(IB) = SFD[Io + IB]−1,
where SF
D is flash sensitivity in the absence of back-
ground light, SF(IB) is flash sensitivity in the presence of
a background light IB, and Io is a constant that desig-
nates the desensitizing effectiveness of background
light. When IB = Io, sensitivity becomes halved; thus the
smaller Io is, the more effective is a given background
light. For salamander red rods, Io w50 R* s−1 (see Fig-
ure 7 in Koutalos et al., 1995; also, for unpolarized light
at λmax used in this quoted work, effective collecting
area of the red rod is w20 m2). Applying 200 R* s−1 of
spontaneous pigment isomerization thus gives a 6- to
7-fold desensitization, as stated above. In the constant
presence of this spontaneous isomerization, the new
Weber-Fechner relation would have an Io of w(50 + 200)
or 250 R* s−1. Thus, any light (real or equivalent) in addi-
tion to spontaneous isomerization would be much less
effective, requiring 250 R* s−1 to decrease sensitivity by
half. Our measured value of w500 R* s−1 (equivalent
light due to cone pigment dissociation) is not “too far
off” from this value.
Nonetheless, green rods are unusual by having a
cone pigment, and these rods are not present in all ver-
tebrates (absent in mammals, for example), so any ex-
trapolation from the green rod/blue cone comparison to
rod/cone differences at large may not be appropriate.
Indeed, a very different scenario is still possible:
namely, a lower amplification is built into each of the
multiple stages of phototransduction in red cones (Ta-
chibanaki et al., 2001). If so, regardless of whether the
cone pigment is unstable or not, it will require a much
stronger background light to produce the same desen-
sitization in cones as in rods; in other words, they do
not operate on the same basic Weber-Fechner adapta-
tion curve. As such, the reasoning of applying the cone
“dark light” to red rod adaptation as a way to calculate
red cone sensitivity would no longer be justified. Put in
another way, the sensitivity of salamander red coneswould not necessarily increase by as much as 6- to
7-fold if their spontaneous isomerizations were re-
moved (a situation that, unfortunately, cannot be veri-
fied experimentally at present). Instead, the sensitivity
may increase by only 2-fold or less. This point can be
appreciated as follows. Adopting the Weber-Fechner
relation for cones (see, for example, Rieke and Baylor,
2000), we can write, by incorporating spontaneous pig-
ment isomerization and dissociation
SF(IB) = SFD[Io + (Iisom + Idiss + IB)]−1
= SFD[(Io + Iisom) + Idiss + IB]−1,
where Iisom and Idiss are the equivalent dark light due to
spontaneous pigment isomerization and dissociation,
respectively. Written in this way, it can readily be seen
that, from the data in Figure 6 for red cones (where
Idiss = 0 under the experimental conditions, because of
excess 11-cis retinal present), Io + Iisom w900 R* s−1
(see also Rieke and Baylor, 2000). Because Iisom w200
R* s−1, we get Io w700 R* s−1. Hence, in the absence
of pigment instability, the salamander red cone would
require a steady light of w700 R* s−1 in order to de-
crease sensitivity by half. In other words, removing the
spontaneous isomerization of red cone pigment (200
R* s−1) would increase the red cone sensitivity by less
than 2-fold. In this situation, then, spontaneous pig-
ment isomerization and dissociation would each con-
tribute a 2-fold or less decrease in sensitivity, giving at
most an overall w2 × 2 = 4-fold difference in sensitivity
between salamander red rods and red cones due to
pigment properties. This leaves another 4-fold or more
difference in sensitivity still unaccounted for.
The final settlement between the above two scenar-
ios remains at large. In part, the overall 16-fold differ-
ence in sensitivity between salamander red cones and
red rods is not quite large enough for unequivocally
settling the above dilemma. This question is better ad-
dressed in the future with a genetic approach on mam-
mals, where the rod/cone difference in sensitivity is
much larger than 14- to 15-fold (e.g., Nunn et al., 1984).
Experimental Procedures
Electrophysiology
Following overnight dark adaptation, larval tiger salamanders (Am-
bystoma tigrinum) were decapitated in dim red light, double pithed,
and the eyes enucleated and hemisected in Ringer’s solution con-
taining 110 mM NaCl, 2.5 mM KCl, 1.6 mM MgCl2, 1.0 mM CaCl2,
10 mM dextrose, 10 mM HEPES (pH 7.8), and bovine serum albu-
min (100 mg/l). Under infrared light, the retina was removed and
chopped finely with a razor blade. A small suspension of cells was
transferred to a gravity-fed perfusion chamber on the stage of an
inverted microscope (Cornwall et al., 1990). Under infrared illumina-
tion, the inner segment of a single cone or rod photoreceptor was
drawn into the tip of a tight-fitting glass pipette (Baylor et al., 1979)
filled with Ringer’s solution and stimulated with 20 ms flashes of
unpolarized light. Different rod and cone types were identified by
their characteristic shapes and spectral sensitivities. The photore-
ceptor current was amplified, low-pass filtered at 20 Hz (8-pole
Bessel), and digitized at 100 Hz for further analysis. Light wave-
length and intensity were controlled with interference and neutral
density filters. The light source was calibrated before each exper-
iment.
Microspectrophotometry
Isolated photoreceptors were prepared as described above for
electrophysiology. A small aliquot of these cells was transferred
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888into a chamber bound by two coverslips. Spectrophotometric mea- c
asurements were made with a computer-controlled photon-count-
ing microspectrophotometer as previously described (MacNichol, r
e1978; Levine and MacNichol, 1985). The optical density (O.D.) of a
rod or cone outer segment was measured over the wavelength f
(range of 350–700 nm with a rectangular slit smaller than the outer
segment, where O.D. = log10(Io/It), where Io is the transmitted light o
tin the absence of a sample and It is the transmitted light through
the outer segment. The collected O.D. spectra for each photore- a
ceptor were fitted by a fifth-order polynomial function to determine
the wavelength at which maximum O.D. occurred. The fit range was A
450–600 nm for red rods and 450–700 nm for red cones. Spectral R
measurements of individual rod and cone outer segments were e
made on dark-adapted cells or cells that had been treated, either m
in darkness or following exhaustive bleaching, with a solution of
lipid vesicles containing 9-cis retinal. Ringer’s solutions containing t
chromophore were prepared daily from 300 g dry aliquots of reti- k
noid by dissolving the chemical in 0.1% ethanol or loading them m
into lipid vesicles as described previously (Cornwall et al., 2000). n
The final concentration of 9-cis retinal, at 10–200 M, was esti- k
mated from the absorption spectrum. c
Baseline correction of spectra was performed as described by j
Govardovskii et al. (2000). Briefly, a straight line was fitted to the e
long-wavelength region of the spectrum where no wavelength- a
dependant changes in the absorbance spectrum were measurable 
by the MSP (absorbance < w5% of peak value). The linear trend d
was then subtracted from all of the data points. The difference in t
λmax between corrected and uncorrected data was within 5 nm. p
a
aSpectral Templates
tWe used the 11-cis A1 and A2 retinal spectral templates derived
nby Govardovskii et al. (2000) and the 9-cis A1 retinal spectral tem-
Rplate of Makino et al. (1999). To create the calibration curve for
lnative red cones (Figure 2B), we first created a composite spectral
template by combining the A1 and A2 red cone pigment templates
as x A1(λ) + 0.71 (1 − x) A2(λ), where A1(λ) and A2(λ) are the 11-cis R
A1 and A2 red cone pigment templates, x is a variable fraction in T
A1, and 0.71 is the ratio between the extinction coefficients of the 3
two pigments, which are A1 = 42,000 M−1 cm−1 (Hárosi, 1975) and c
A2 = 30,000 M−1 cm−1 (Brown et al., 1963). The quantum efficien- (
cies of the two 11-cis pigments are considered equal (Dartnall, t
1972). From the composite template, log10(S600/S480) can be ob- a
tained at different x values to give the calibration curve in Figure t
2B. Averaged measurements from dark-adapted red cones gave P
log10(S600/S480) = 0.54 ± 0.02 (n=10) (see Results), which, from Fig- 1
ure 2B, corresponds to 48% A1 and 52% A2 pigments. We used w
these percentages to produce one average composite 11-cis tem- M
plate. b
To create the calibration curve with 9-cis retinal incorporation P
(Figure 2D), we combined the above composite 11-cis template, 
11-CIS(λ), with the 9-cis red cone pigment template, 9-CIS(λ), as r
(1 − y) 11-CIS(λ) + 0.32 y 9-CIS(λ), where y is a variable fraction in
9-cis pigment and 11-CIS(λ) = 0.48 A1(λ) + 0.71 × 0.52 A2(λ) (see p
last paragraph). The factor 0.32 reflects the fact that the quantum B
efficiency of the 9-cis pigment is only 0.3 of the quantum efficiency r
of the 11-cis pigments, but it has a higher extinction coefficient s
9-cis of 45,500 M−1 cm−1 (Hubbard and Kropf, 1958). From the over- p
all template at different y values (Figure 2C), log10(S600/S480) can be s
obtained to give the calibration curve of Figure 2D.
A
Calculations of Photobleach and Photoisomerizations
For the dependence of flash sensitivity on the percentage of pig- T
wment bleached by light (Figure 4C), a dark-adapted red cone was
exposed to a series of incremental bleaches, removing 10%, 28%, m
t50%, 75%, 97.5%, and 99% of the chromophore. After each suc-
cessive bleach, the cell was allowed to recover to a steady state M
abefore its flash sensitivity was measured. The fraction of pigment
bleached was calculated as F = 1 - e−IPT, where I is the bleaching C
plight intensity in photons (600 nm) m−2 s−1 and T is the duration
of light exposure. The P value adopted for red cones is 6.0 × 10−9 p
(m2 (Jones et al., 1993).
To convert light intensities to number of photoisomerized pig- a
Mment molecules, we used an effective collecting area, A , for redcones of 1.2 m2, calculated from Ac = 2.303πr2lQisomfα, where r
nd l are the radius and length of the outer segment (2  and 10 ,
espectively; see Nakatani and Yau, 1989), Qisom is the quantum
fficiency of isomerization (0.67, Dartnall, 1972), f is a polarization
actor (0.5 for unpolarized light), and α is the specific absorbance
0.012 −1, Hárosi, 1975). At low bleaches, the formula in the previ-
us paragraph approximates to a linear relation and predicts a frac-
ional bleach that is within 20% of that calculated from Ac above
nd a total red cone pigment content of 2.7 × 108 molecules.
pplication of Retinoid and Retinoid Binding Proteins
inger’s solutions containing retinoids used in electrophysiological
xperiments were prepared by the same methods as those used in
icrospectrophotometric experiments (see above).
Recombinant CRALBP was purified to homogeneity by Ni2+-His-
ag affinity chromatography as described by Crabb et al. (1998) and
ept frozen in BTP buffer (10 mM Bis-Tris Propane buffer and 250
M NaCl, pH 8.0) at 2.2 mg ml−1. Before use, it was dialyzed over-
ight at 4°C in Ringer’s solution with the 3500 MWCO Slide-A-Lyzer
it (Pierce Biotechnology, Rockford, IL). Its concentration was cal-
ulated from absorption at 278 nm ( = 24,540 M−1 cm−1) and ad-
usted to 20 M or 100 M. Bovine IRBP was kept frozen in Ring-
r’s solution. Before use, its concentration was measured from
bsorption at 280 nm ( = 120,000 M−1 cm−1) and adjusted to 20
M. Lipid-free bovine serum albumin (Sigma, St. Louis, MO) was
irectly dissolved in Ringer’s at 1% (weight-volume) final concen-
ration. 0.5 ml of the Ringer’s containing retinal or retinal binding
rotein was added to the recording chamber directly with a pipette
nd left to sit without perturbation. Because the bath volume was
lso about 0.5 ml, the effective concentration was about half of
he added concentration. All concentrations given in the paper are
ominal values, i.e., before this dilution factor was corrected for. In
esults, “11-cis retinal” automatically means 11-cis A1 retinal un-
ess specified otherwise.
ecombinant Salamander Cone Pigments
he cDNAs for the salamander cone pigments were modified at the
# end to include the 1D4 epitope from rhodopsin and were sub-
loned into the pMT3 expression vector as described previously
Ma et al., 2001; Das et al., 2004). The plasmids were transiently
ransfected into COS cells and protein purified and reconstituted
s described previously (Oprian, 1993; Ma et al., 2001). Briefly,
ransfected COS cells were incubated with 20 M 11-cis retinal in
BS for 2 hr at 4°C in the dark. The cells were then solublized with
% dodecyl maltoside for 1 hr, and the protein was immunopurified
ith the anti-rhodopsin 1D4 antibody (National Cell Culture Center,
inneapolis, MN) conjugated to sepharose 4B. The sepharose
eads were washed extensively with 0.1% dodecyl maltoside in
BS and the pigment eluted with the same buffer containing 175
M peptide corresponding to the final 9 amino-acid residues of
hodopsin.
UV-visible absorption spectra were recorded on pigment sam-
les with a 1.0 cm path length at room temperature (22°C). 10 l of
TP buffer alone or containing 8.5 M CRALBP or 1% bovine se-
um albumin was added to 90 l of pigment in 0.1% dodecyl malto-
ide in PBS, pH 7.0. At the end of the experiment, any residual
igment was bleached with light in order to obtain the control ab-
orbance at 560 nm after total loss of pigment.
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